ABSTRACT: The configurational space sampled by the finger and thumb subdomains of the p66 subunit of HIV-1 reverse transcriptase was investigated by Q-band double electron−electron resonance pulsed electron paramagnetic resonance spectroscopy, a method for determining longrange distances between pairs of nitroxide spin-labels introduced via surface-engineered cysteine residues. Four constructs were examined, each containing two spin-labels in the p66 subunit, one in the finger subdomain and the other in the thumb subdomain. In the unliganded state, open and closed configurations for the finger and thumb subdomains are observed with the distribution between these states modulated by the spin-labels and associated mutations, in contrast to crystallographic data in which the unliganded state crystallizes in the closed conformation. H uman immunodeficiency virus type I reverse transcriptase (HIV-1 RT) catalyzes the conversion of single-stranded virally encoded RNA into double-stranded proviral DNA, the first step in a complex process that eventually leads to integration of viral DNA into the host genome.
* S Supporting Information
ABSTRACT: The configurational space sampled by the finger and thumb subdomains of the p66 subunit of HIV-1 reverse transcriptase was investigated by Q-band double electron−electron resonance pulsed electron paramagnetic resonance spectroscopy, a method for determining longrange distances between pairs of nitroxide spin-labels introduced via surface-engineered cysteine residues. Four constructs were examined, each containing two spin-labels in the p66 subunit, one in the finger subdomain and the other in the thumb subdomain. In the unliganded state, open and closed configurations for the finger and thumb subdomains are observed with the distribution between these states modulated by the spin-labels and associated mutations, in contrast to crystallographic data in which the unliganded state crystallizes in the closed conformation. Upon addition of double-stranded DNA, all constructs adopt open conformations consistent with previous crystallographic data in which the position of the thumb and finger subdomains is determined by contacts with the bound oligonucleotide duplex (DNA or DNA/RNA). Likewise, binary complexes with five different nonnucleoside reverse transcriptase inhibitors are in open or partially open conformations, indicating that binding of the inhibitor to the palm subdomain indirectly restricts the conformational space sampled by the finger and thumb subdomains. H uman immunodeficiency virus type I reverse transcriptase (HIV-1 RT) catalyzes the conversion of single-stranded virally encoded RNA into double-stranded proviral DNA, the first step in a complex process that eventually leads to integration of viral DNA into the host genome.
1 Mature HIV-1 RT is a heterodimer comprising p66 and p51 subunits that differ in the presence and absence, respectively, of the RNase H domain. DNA polymerase and RNase H activities, as well as the binding site for non-nucleoside RT inhibitors (NNRTI), reside in the p66 subunit, while the p51 subunit serves as a structural scaffold ( Figure 1A) . 2−5 The polymerase domain comprises finger, palm, and thumb subdomains ( Figure  1B ) and is attached to the RNase H domain via a connection domain. 6, 7 Crystal structures of HIV-RT in various states reveal that the polymerase domain of p66 can adopt closed (ligandfree), partially open (ternary complexes with DNA and nucleotide triphosphates), and open (binary complexes with NNRTIs and ternary complexes with DNA or DNA/RNA and NNRTIs) conformations, differing in the spatial relationship of the finger and thumb subdomains relative to one another ( Figure 1C ). Here we explore the disposition of the finger and thumb subdomains of p66 within the mature HIV-1 RT p66/ p51 heterodimer in a variety of unliganded and liganded states by Q-band pulsed double electron−electron resonance (DEER) electron paramagnetic resonance (EPR) spectroscopy, a technique that affords long-range distance measurements between pairs of nitroxide spin-labels attached to appropriately engineered surface cysteines. 9 We used four p66 constructs, each containing two nitroxide spin-labels (R1), one in the finger subdomain and the other in the thumb subdomain ( Figure 1B ): C38-R1/C280-R1, C38-R1/A304C-R1, W24C-R1/C280-R1, and T39C-R1/E308C-R1. They were generated by conjugation of (1-acetoxy-2,2,5,5-tetramethyl-δ-3-pyrroline-3-methyl)methanethiosulfonate (MTSL) to the surface-exposed cysteines via a disulfide linkage.
10 C38 and C280 are naturally occurring cysteine residues in HIV-1 RT and were mutated to alanine, as appropriate, in constructs in which R1 was not attached to one or both of these residues. Previous work has shown that both cysteines can be replaced with alanine without any significant impact on nucleic acid binding or polymerase activity.
11
Complete protein deuteration was employed to increase the spin-label phase memory relaxation time in the DEER experiments, thereby increasing the signal-to-noise ratio and extending the accessible distance range. The p66/p66 homodimer is weak compared to the p66/p51 heterodimer. 16, 17 Under the conditions used for DEER ( Figure  2 ), p66 alone exists as an approximately equal mixture of monomer and homodimer, 18 giving rise to three distances between pairs of nitroxide spin-labels [one intramolecular and two intermolecular (Figure 2A, left) ], as observed for the DEER-derived P(r) distance distribution for the C38-R1/C280-R1 construct ( Figure 2B , blue trace). In the absence of conformational heterogeneity, the p66/p51 heterodimer should exhibit only a single intrasubunit distance between a pair of spin-labels (Figure 2A, right) . This is reflected in the DEERderived P(r) distribution obtained upon addition of excess deuterated p51 to ensure that all nitroxide-labeled p66 resides in the p66/p51 heterodimer ( Figure 2B ).
Predicted distance distributions 19 among the four pairs of spin-labels calculated from crystal structures (see Figures S2 and S3) are listed in Table 1 . The crystal structures can be grouped into five classes ( Figure 1C Background-corrected Q-band DEER echo curves for two of the HIV-1 RT spin-labeled constructs (C38-R1/C280-R1 and W24C-R1/C280-R1), obtained in the presence (blue) and absence (red) of a 24 bp DNA duplex with a three-nucleotide overhang at one of the 3′-ends, are shown in Figure 3A . Full details of DEER data acquisition and analysis are given in the Experimental section of the Supporting Information, and the raw and background-corrected echo curves for all DEER data are provided in Figures S4−S10. The P(r) distributions obtained from a two-Gaussian fit to the DEER data are shown in Figure 3B and compared to the predicted distributions from crystal structures in the open and closed states. The mean distances and widths of the P(r) distributions are summarized in Table 2 (and Tables S2−S5 ( Table 2 ). The results are consistent with those obtained for a W24C-R1/K287C-R1 construct by line shape analysis of continuous wave X-band EPR spectra, where an open conformation is found in the frozen state at 170 K and a temperature-dependent mixture of open and closed states is observed in solution 21 (note that the W24C-R1/K287C-R1 construct is not suitable for DEER analysis as the distance between spin-labels is <15 Å in the closed state). These results suggest that, in all likelihood, crystal packing forces may play a significant role in pushing the equilibrium to the closed conformation in crystal structures of unliganded RT.
We also investigated the impact of five different NNRTIs [etravirine, rilpivirine, delavirdine, efavirenz, and nevirapine (see Figure S11) ] on the disposition of the finger and thumb subdomains. The results are summarized in Figure 4 , Table 2,  and Tables S2−S5 . Each doubly spin-labeled construct exhibits the same conformation for all NNRTIs. Upon addition of NNTRIs, the distances between spin-labels are decreased for the C38-R1/C280-R1 and C38-R1/A304C-R1 constructs where the predominant species in the unliganded state is in the open conformation, while the converse is true for the W24C-R1/C280-R1 and T39C-R1/E308C-R1 constructs where the closed conformation constitutes the major species in the unliganded state. In conclusion, the configurational space sampled by the finger and thumb subdomains in the p66 subunit of the mature Table S1 . b The mean distances between spin-labels and the widths at half-height of the P(r) distributions are calculated from the crystal structures using MMM2013.2.
19 c The numbers shown in parentheses are the values calculated with the nucleic acid coordinates removed. a Obtained from a two-Gaussian fit using the program DD. 20 No significant differences are found using three-Gaussian fits or validated Tikhonov regularization 22 (see Tables S2−S5 ). b The P(r) distributions for the C38-R1/C280-R1 and T39C-R1/E308C-R1 constructs contain an additional broad component with widths of 13 and 20 Å, respectively, and corresponding mean distances of 56 and 58 Å, respectively, very close to the mean distance of the narrow component (see the Experimental section of the Supporting Information).
c Values in parentheses refer to conformer populations.
HIV-RT p66/p51 heterodimer is quite variable, a finding that is consistent with the paucity of interactions between the finger, thumb, and palm subdomains observed in crystal structures (Figure 1 ). In the unliganded state, the distribution between closed and open conformations is clearly influenced by the introduction of the spin-labels and accompanying mutations (Figure 3) . Because neither the nitroxide spin-labels nor the additional mutations substituting the naturally occurring cysteines at positions 38 and 280 with alanine where appropriate are located in sites that would appear to either hinder or favor one conformation over another (e.g., by steric hindrance), these results suggest that the difference in energy between the open and closed conformations in wild type HIV-RT is rather small and can easily be tipped toward either the open or closed states by relatively minor perturbations (e.g., spin-labeling or temperature 21 ). In addition, the population of open and closed states in unliganded HIV-RT appears to have little impact on either DNA/RNA binding affinity or DNA polymerase activity ( Figure S1 ). The binding site for oligonucleotide duplexes is accessible only in open type conformations. Consistent with this observation is the fact that all the complexes with double-stranded DNA are in the open state (Figure 3) . However, while the distances between spin-labels for three of the complexes (C38-R1/C280-R1, W24C-R1/C280-R1, and T39C-R1/E308C-R1) are consistent with the open II conformation found in crystal structures of ternary complexes with DNA or DNA/RNA and an NNRTI, the distance between C38-R1 and A304C-R1 is close to 20 Å longer than that predicted from the crystal structures. Finally, binary complexes with NNRTIs are all found in open or partially open conformations with little variation in mean distances between a given set of spin-labels in the different complexes (Figure 4) , indicating that the intermolecular interactions between the NNRTI and the palm subdomain (Figure 1) 
